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Abstract
Cell division is regulated by intricate and interconnected signal transduction pathways that precisely coordinate, in time and space, the complex
series of events involved in replicating and segregating the component parts of the cell. In Trypanosoma brucei, considerable progress has been
made over recent years in identifying molecular regulators of the cell cycle and elucidating their functions, although many regulators undoubtedly
remain to be identified, and there is still a long way to go with respect to determining signal transduction pathways. However, it is clear that cell
cycle regulation in T. brucei is unusual in many respects. Analyses of trypanosome orthologues of conserved eukaryotic cell cycle regulators have
demonstrated divergence of their function in the parasite, and a number of other key regulators are missing from T. brucei. Cell cycle regulation
differs in different parasite life cycle stages, and T. brucei appears to use different checkpoint control strategies compared to model eukaryotes. It
is therefore probable that T. brucei has evolved novel pathways to control its cell cycle.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction
The typical eukaryotic cell cycle consists of four phases—
0/G1, S, G2 and M. During the first gap phase (G0/G1), the
ell prepares for entry into a new round of replication and cell
ivision, and ensures the availability of nutrients and frequently,
lso the cell size, are appropriate to proceed to S phase. DNA
s replicated during S phase, and following the second gap
hase (G2), is divided during M phase. In animal cells, cytoki-
esis commences before mitotic chromosome segregation is
ompleted, and hence the two events overlap. Although the
ell division cycle in Trypanosoma brucei broadly follows this
cheme, it possesses unique features and complexities [1,2].
he parasite is vermiform in shape, a property conferred by the
ub-pellicular microtubule corset of the cytoskeleton. T. brucei
ontains a number of single copy organelles and structures
e.g. nucleus, mitochondrion whose DNA is concentrated into
disc-like structure termed the kinetoplast, Golgi and basal
ody/flagellum complex), which must be accurately duplicated
nd segregated if cell division is to generate viable progeny.
rganelle duplication therefore occurs in a precise order (Fig. 1,
1]). The duplicated organelles are concentrated in the posterior
nd of the cell (although their relative positioning differs in
ifferent parasite life cycle stages), imposing constraints on
ytokinesis, which occurs after mitotic chromosome segregation
ia the unidirectional ingression of a cleavage furrow along the
elical axis of the cell from the anterior to the posterior end.. Cell cycle regulators
Molecular regulation of the T. brucei cell cycle has unique
nd unusual features, reflecting the complexities seen at the
t
w
d
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ig. 1. Cell cycle regulation in Trypanosoma brucei. Duplication of the major organ
CF. Experimentally verified regulators of G1 phase are shown in black, basal body
n grey. Adapted from [2].ical Parasitology 153 (2007) 1–8
hysical level. The publication of the so-called ‘TriTryp’ (T.
rucei, Trypanosoma cruzi and Leishmania major) genome
equences [3–5] has greatly impacted trypanosomatid cell
ycle research, leading to faster functional analyses particularly
n T. brucei where RNA interference (RNAi) is possible,
nd allowing the description of the trypanosomatid kinomes
6]. Orthologues of many conserved protein kinases, such as
yclin-dependent kinases (CDKs), mitogen-activated protein
inases (MAPKs), aurora and polo-like kinases, are present in
. brucei, although their functions are often divergent [7–9],
nd may also differ in different life cycle stages. Conversely,
o receptor-linked tyrosine kinases were found; tyrosine
hosphorylation is likely carried out by dual specificity protein
inases. Additionally, some cell cycle checkpoints are known
o be absent in particular life cycle stages of T. brucei [1,7],
nd some checkpoint regulators such as the spindle checkpoint
rotein BUB1, centromeric histone (CenH3), and Rho GTPases,
re also apparently absent in the trypanosomatids.
.1. CDKs
CDK activity is essential for progression through different
ell cycle boundaries, with different CDKs interacting with dif-
erent cyclins to regulate different cell cycle stages [10]. For
xample, in mammalian cells, CDK4 and CDK6 are activated
y interaction with cyclin D (transcribed in response to mito-
enic signals) and regulate G1 progression by inhibiting the
etinoblastoma (Rb) protein, which itself represses transcrip-
ion of the S phase cyclin, cyclin E. Cyclins E and A complexed
ith CDK2 are required for S phase, promoting centrosome
uplication and DNA replication, while mitosis is regulated by
DK1 complexed with cyclins A and B. There is clear evidence
elles and structures during the cell cycle is illustrated in cartoon format for the
duplication in pink, Golgi duplication in green, mitosis in red and cytokinesis
T.C. Hammarton / Molecular & Biochemical Parasitology 153 (2007) 1–8 3
Table 1
Features of T. brucei CRKs
Protein Accession
numbera
T14-Y15-T161 PSTAIRE box sequenceb
(no. of substitutions)
N-terminal
extension?
C-terminal
extension?
Insertions in kinase domain?
CRK1 Tb10.70.7040 S-Y-T EGVPCTAIREISILKE (2/16) No No One 11 aa insert
CRK2 Tb927.7.7360 S-Y-T GVPSTAVREVSLLREL (4/16) 42 aa 6 aa No
CRK3 Tb10.70.2210 T-Y-T EGIPQTALREVSILQE (6/16) 19 aa No No
CRK4 Tb08.5H5.130 T-Y-S DGAPSTAIREIALLKV (4/16) No 19 aa Two large inserts (70 and 72 aa)
CRK6 Tb11.47.0031 T-Y-T EGVPATTLREVTLLHE (6/16) 18 aa No Two small inserts (10 and 7 aa)
CRK7 Tb07.43M14.340 R-F-T EGIPHMVARELLVSMR (11/16) No No No
CRK8 Tb11.02.5010 S-F-T RSLSQPTLREVILLSQ (12/16) 62 aa 19 aa No
CRK9 Tb927.2.4510 V-Y-T VGFPPYLLREFDLLLR (9/16) 265 aa 93 aa Several small plus large 81 aa insert
CRK10 Tb927.3.4670 M-Y-Q EGLPASALREVMVLKE (5/16) 18 aa 19 aa Several, largest = 23 aa
CRK11 Tb927.6.3110 A-Q-A RGVSEGALREATLLTL (9/16) 30 aa 49 aa Several, largest = 30 aa
CRK12 Tb11.01.4130 T-Y-T EGFPITSLREVIALQH (9/16) 325 aa 43 aa Several, largest = 42 aa
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2he amino acid sequences of the T. brucei CRKs are compared to human CDK
a Accession numbers are given for GeneDB (www.genedb.org).
b The PSTAIRE box sequence in human CDK1 is EGVPSTAIREISLLKE.
hat trypanosomatid cell cycles are also regulated by CDKs
1,2,11], although modulation of CDK activity may have evolved
rypanosomatid-specific features. T. brucei possesses eleven
dc2-related kinases (CRK1-4 and CRK6-12) [6] (Table 1).
DKs are activated by the binding of a cyclin partner, and T. bru-
ei contains 10 cyclins, CYC2-11 (Table 2). Alternative names
ave been proposed for some of the T. brucei cyclins (Table 1)
12], but these are somewhat misleading, as, with the excep-
ion of CYC6/CycB2, functional equivalence to mammalian B
r E-type cyclins has not been demonstrated. Unfortunately, lit-
le is known about the pairings of these cyclins and CRKs, and
o date, only CRK3 in T. brucei has been demonstrated to be
yclin-dependent, interacting with both CYC2 and CYC6 [7,11].
In addition to being regulated by cyclin binding, the activity
f CDKs is modulated by phosphorylation of conserved
esidues. Phosphorylation of the T-loop threonine residue,
161 (numbering for human CDK1) by the CDK-activating
inase (CAK) increases the activity of the CDK:cyclin com-
lex, while phosphorylation of T14 and Y15 by Wee1 and
yt1, respectively, inhibits the activity. In mammals, CAKomprises CDK7, MAT1 and cyclin H subunits, but although
rypanosome CRK7 displays some similarity to CDK7, MAT1
nd cyclin H homologues have not been identified. Homologues
f Wee1 kinase are present in the trypanosomatids [6], and
able 2
lassification of T. brucei cyclins
yclin Alternative
name
Accession no.a Functional
class
Functional data
available?
YC2 CycE1 Tb11.01.5660 G 1 cyclin Yes [12,18]
YC3 CycB1 Tb927.6.1460 Mitotic Yes [12]
YC4 CycE3 Tb927.7.7170 CYC2-like No
YC5 CycE4 Tb10.26.0510 CYC2-like Yes [12]
YC6 CycB2 Tb11.01.8460 Mitotic Yes [7,12]
YC7 CycE2 Tb927.6.5020 CYC2-like No
YC8 CycB3 Tb927.7.1590 Mitotic No
YC9 Tb11.01.5600 Cyclin C-like No
YC10 Tb927.8.6340 CYC2-like No
YC11 Tb927.8.6350 CYC2-like No
a Accession numbers are given for GeneDB (www.genedb.org).
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trypanosomatid CRKs associate with the CDK accessory
rotein homologue, CKS1 [7,11], but homologues of Myt1,
dc25 (the phosphatase that removes the inhibitory T14 and
15 phosphorylations), Tome1, (an SCF type-E3 ligase that
argets Wee1 for degradation at the onset of mitosis) and CDK
nhibitor proteins (CKIs) have not been found. The lack of these
egulators is potentially explained by the divergence observed
n CRK primary amino acid sequence (Table 1). Although all
RKs cluster phylogenetically with CDKs from other organ-
sms [6], over half contain insertions in their kinase catalytic
omain compared to human CDK1, and most have extensions
t the N- and/or C-terminus. The PSTAIRE box motifs (site
f cyclin binding), although recognisable, are divergent, and a
umber of CRKs have amino acid substitutions at T161, T14
nd/or Y15. This may suggest that other mechanisms have
volved to regulate the activity of CRKs in trypanosomatids.
.2. Phosphatases
Protein phosphatases also play crucial cell cycle regulatory
oles. For example, in mammals, PP2A regulates sister chro-
atid cohesion and mitotic exit, PP1 regulates chromosome
rchitecture and chromatin structure during mitosis, CDC25
hosphatases activate CDKs, and CDC14 phosphatases are
mplicated in centrosome maturation, spindle stability, mitotic
xit and cytokinesis (reviewed in [13]). In T. brucei, approx-
mately 30 putative protein phosphatases have been annotated
t GeneDB (www.genedb.org), suggesting dephosphorylation is
lso likely to play important roles in cell cycle regulation in this
rganism. In support of this, okadaic acid (an inhibitor of protein
hosphatases PP1, PP2A and PP2B) inhibits kinetoplast segre-
ation in procyclic T. brucei [14], and apparently can reverse
he cell cycle arrests that occur upon downregulation of certain
RKs by RNAi [15].. Regulation of G1 phase
During G1 phase, cells sense environmental conditions
o determine whether to proliferate, differentiate, quiesce or
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ndergo apoptosis. In mammalian cells, the ERK/Ras and
I3K pathways act cooperatively to promote G1 progression
hrough CDK activation in response to signals transduced
hrough receptor-linked tyrosine kinases or G-protein coupled
eceptors following growth factor stimulation [16]. Available
vidence suggests that trypanosomes regulate G1 phase progres-
ion through different mechanisms. Receptor-linked tyrosine
inases and G-protein coupled receptors are absent from these
rganisms, MAPKs have not been implicated in G1 progression
o date, and T. brucei seems to possess just one genuine PI3K,
ps34, which is required for Golgi segregation, but apparently
ot for progression through G1 [17].
T. brucei CRKs are, however, required for progression
hrough G1 phase. RNAi of CYC2 arrested both bloodstream
BSF) and procyclic form (PCF) T. brucei in G1 phase [12,18],
nd CYC4/CycE3 may also be required for G1 progression
12]. Although CYC2 is known to activate CRK3, it cannot
e ruled out that its G1 role arises from its interaction with
nother CRK, as a full analysis of CRK:cyclin pairings has
ot yet been completed. Depletion of CYC2 also resulted in
morphogenic phenotype in the PCF, characterised by active
icrotubule extension at posterior end of the cell, generating
n elongated ‘nozzled’ morphology [18]. This morphological
efect had previously been observed in G1 cells following over-
xpression of a zinc finger protein, ZFP2, either during the
tumpy to procyclic differentiation process, or in the PCF itself
19], arguing that control of morphogenesis and G1 phase pro-
ression are tightly linked in this life cycle stage. RNAi of CRK1
n both BSF and PCF life cycle stages also enriched cells in G1
20], and this phenotype was enhanced by co-downregulation
f CRK2 [21]. Simultaneous depletion of CRK1 and CRK2
but not depletion of either protein individually) also caused
PCF-specific morphological defect. Cells with extended pos-
erior ends were observed, and in some cases, bifurcation of the
longated posterior occurred. It will be interesting to discover the
yclin partners of CRK1 and CRK2, as previous work indicated
hat CYC2 did not interact with either of these CDKs [22].
.1. Regulation of other G1 events
.1.1. Basal body and ﬂagellum duplication
Duplication of the basal body (BB) and outgrowth of the
aughter flagellum are the earliest detectable cytological events
uring the trypanosome cell cycle, occurring at 0.41 of the unit
ell cycle in PCF T. brucei (approximately 3.5 h after the start of
1 phase, given an average cell cycle of 8.5 h) [23]. As well as
- and -tubulin [24], a number of proteins have been localised
o the BB: TbCentrin1 and TbCentrin2, required for BB dupli-
ation [25]; TbLRTP, a negative regulator of BB duplication and
agellum biogenesis [26], and NRKC, a NIMA-related kinase,
hat may activate separation of the mother and newly-matured
asal bodies [27]. More recently, polo-like kinase (PLK) has also
een shown to be required for BB duplication, since its depletion
y RNAi in PCF T. brucei generated aberrant cells containing
wo nuclei but only one kinetoplast, one BB and one flagel-
um [56]. However PLK does not appear to localise to the basal
odies, and may therefore act as an upstream regulator of BB
t
s
t
aical Parasitology 153 (2007) 1–8
uplication. The flagellum is built by means of both intraflag-
llar transport (IFT) (see [28] for a comprehensive review of
he trypanosome flagellum) and non-IFT-dependent transport
29]. MAPKs regulate flagellum length in Leishmania [30] and
he PACRG proteins are required to maintain outer microtubule
oublets along the trypanosome axoneme [31].
.1.2. Golgi duplication
Duplication of the Golgi apparatus in PCF T. brucei com-
ences just after BB duplication and takes about 2 h to complete.
he new Golgi appears de novo, close to the new endoplasmic
eticulum export site, and is at least partly constructed from
aterials derived from the old Golgi [32]. In addition to local-
sing to the BBs, TbCentrin2 associates with the Golgi as a
i-lobed structure, and is required for its duplication, possibly
efining the site of new Golgi construction [25]. Golgi assembly
s an ordered process, and initial data indicate that structural and
nzymatic components are assembled prior to other components
equired for transporting and sorting cargo [33]. However, the
ignals for initiation of Golgi duplication are currently unknown.
he Golgi is segregated alongside the basal bodies and kineto-
last, a process that requires Vps34 [17]. Depletion of Vps34
n BSF T. brucei, in addition to impairing membranous endo-
ytic trafficking, inhibited Golgi segregation without affecting
asal body separation, suggesting this kinase is required for the
oupling of Golgi and basal body segregation.
. S phase
The T. brucei nuclear genome comprises 11 megabase chro-
osomes, several intermediate chromosomes (∼200–900 kb)
nd approximately 100 minichromosomes (∼50–150 kb), while
he mitochondrial genome contains several thousand minicircles
∼1 kb) and a few dozen maxicircles (∼23 kb). Replication of
he genomes commences approximately 3 h into the cell cycle
in PCF T. brucei) and takes about 2 h to complete. Kinetoplast S
hase starts just before nuclear S phase, and this defined period
f mitochondrial DNA replication contrasts with mammalian
ells where the DNA of multiple mitochondria is replicated
hroughout the cell cycle. The complex process of minicircle
eplication has been studied in detail and recently reviewed
34]. The kDNA is surrounded by its own precisely positioned
eplication machinery, and so far around 30 components of this
achinery are known, but it is likely many more remain to be
dentified [35]. However, the mechanisms of maxicircle replica-
ion and the signalling events that initiate and license kDNA S
hase are poorly understood.
Nuclear DNA replication is also, somewhat surprisingly,
poorly studied process in trypanosomes. In mammals, a
re-replication complex consisting of the hexameric origin
ecognition complex (ORC, comprising ORC1–ORC6 sub-
nits), CDC6 and Cdt1 forms at origins of replication during
1 phase (reviewed in [36]). During the transition to S phase,hese licensing factors recruit the MCM2-7 complex, which pos-
esses helicase activity to promote the unwinding of DNA at
he origin. MCM10 is recruited, which in turn recruits CDC45,
nother factor essential for unwinding of the origin and loading
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f polymerases. Conversion of the pre-replication complexes
nto replication forks requires the activity of S phase CDK and
DK, a Dbf-dependent kinase consisting of the CDC7 kinase
nd its activating partner DBF4. MCM10 facilitates DDK to
hosphorylate MCM2-7, which activates the complex’s heli-
ase activity. Finally, DNA polymerases are loaded. The TriTryp
enome sequences [3] indicate that the replication fork synthe-
is machinery from higher eukaryotes is conserved, but only
ne subunit of the origin recognition complex, ORC1/CDC6, is
resent; other replication initiation proteins, including MCM10,
dt1 and DBF4, appear to be absent also, suggesting that ini-
iation of DNA replication in trypanosomatids may resemble
hat of the Archaea. In other eukaryotes, re-replication of DNA
ithin a single cell cycle is prevented by rising CDK levels,
hich ensure the licensing machinery is downregulated from S
hase until the M-G1 transition, and also, in higher eukaryotes
y the proteolysis and geminin-mediated inhibition of Cdt1 fol-
owing S phase initiation [36]. Following the downregulation of
itotic CDK at the end of mitosis, licensing of origins begins
gain in preparation for DNA replication in the next cell cycle.
ublished functional data for the DNA replication machinery in
. brucei does not yet exist, but inhibiting cytokinesis by a vari-
ty of mechanisms results in repeated DNA re-replication [1,2],
uggesting that timing of cell division plays an important role
n ensuring that DNA is not re-replicated in a single cell cycle.
dditionally, DNA re-replication occurs asynchronously in the
wo nuclei, since cells with odd number of nuclei (e.g. 3N, 5N)
re generated [37], suggesting that the nuclei are re-licensed for
eplication at different rates.
. G2 and M phase
Progression through the G2/M phase transition in eukary-
tes requires CDK1-cyclin B activity, which increases during
2 phase as a result of Tome-1 mediated targeting of Wee1
or degradation and CDC25 phosphatase activity. Activation of
DK1 leads to activation of the anaphase promoting complex
APC), which ubiquitinates anaphase inhibitors, targeting them
or degradation by the 26S proteosome, thereby triggering pro-
ression from metaphase to anaphase. Entry into anaphase is
elayed by the spindle assembly checkpoint, which inhibits the
PC, until spindle assembly is complete and all chromosomes
re correctly attached [38]. Additionally, the cohesin complex,
hich acts as a molecular glue to hold sister chromatids together
rom S phase to anaphase, must be cleaved by the protease sepa-
ase, to enable sister chromatid segregation. Exit from mitosis is
ontrolled by the mitotic exit network (MEN) and Cdc14 early
naphase release (FEAR) cascades [38].
The trypanosome G2/M phase transition is also regulated by
he activity of mitotic CDK. T. brucei CRK3 (the functional
omologue of mammalian CDK1) complexed with CYC6 is
equired for mitosis [7,12,20]. Downregulation of either of these
roteins by RNAi prevented mitosis, although for CRK3, its
ownregulation might have been expected to have arrested cells
n G1 as well as M phase since it interacts with CYC2, but this
as not observed [20]. Differential phenotypes are seen in BSF
nd PCF cells, because PCF, but not BSF, cells lack a mitosis
b
t
i
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o cytokinesis checkpoint. Therefore, in BSF T. brucei, inhibi-
ion of mitosis prevents cytokinesis, although not re-replication
f nuclear and kinetoplast DNA, or segregation of re-replicated
inetoplasts, resulting in cells with a single enlarged nucleus and
ultiple kinetoplasts. In the PCF, however, cytokinesis occurs
espite the inhibition of mitosis, resulting in a cell with 1 nucleus
with replicated DNA) and 2 kinetoplasts (1N*2K) dividing
o generate asymmetric daughter cells; one with a tetraploid
ucleus and a kinetoplast (1N*1K), and one cell containing just a
inetoplast (termed a zoid, 0N1K). Recently, RNAi knockdown
f the aurora-like kinase, TbAUK1, was shown to inhibit mitotic
pindle assembly in PCF and BSF T. brucei, and was reported to
nhibit cytokinesis in PCF as well as BSF cells [39,40], suggest-
ng that TbAUK1 may also be required to initiate cytokinesis, at
east in PCF cells. Ectopically expressed HA-tagged TbAUK1
ocalised to the nucleus in 1N1K cells, but relocated to the spin-
le at mitosis and to the spindle midzone during late mitosis,
onsistent with a spindle assembly function. Mammalian aurora
kinase is a component of the spindle assembly checkpoint,
ut it is not yet known whether such a checkpoint operates in T.
rucei.
The similarity in mitotic phenotypes observed upon RNAi of
YC6, CRK3 and AUK1 suggests that AUK1 and CRK3:CYC6
ay function in the same mitotic regulatory pathway. However,
he distinctive phenotypes seen in different life cycle stages raise
ome interesting questions about the regulation of mitosis. In
CF T. brucei, following RNAi of AUK1, CYC6 or CRK3, the
ucleus in 1N2K cells became elongated, but never bilobed, and
n the case of AUK1 RNAi, it was demonstrated that the nucleoli
id not segregate [40]. However, in BSF 1N>2K cells, nuclei
ere frequently observed to become bi-lobed or multi-lobed,
nd segregation of the nucleoli was demonstrated following
UK1 RNAi [40]. It is therefore possible that these regulators
ct later in mitosis in BSF cells compared to the PCF. A sim-
lar differential effect was reported following downregulation
f putative anaphase-promoting complex (APC) components
PC1 and CDC27 [41]. In the PCF, 1N*2K cells with short
etaphase-like mitotic spindles accumulated before dividing
o generate 1N*1K and 0N1K daughters, while in the BSF,
N2K cells accrued in which the two nuclei were still con-
ected by an elongated anaphase-like spindle structure. This
ay suggest that APC components function earlier in mitosis
n PCF cells than in the BSF. However, it is difficult to sep-
rate the contributions of molecular regulation and timing of
ytokinesis, given the lack of a mitosis to cytokinesis check-
oint in PCF T. brucei; it is possible that PCF cells would
lso progress to anaphase (perhaps because of residual APC
ctivity following RNAi) if cytokinesis was inhibited. It can
lso not be ruled out at present that differences in residual
PC activity following RNAi account for the stage-specific
ifferences. However, it seems probable that T. brucei has
volved novel molecular mechanisms to regulate mitosis (prob-
bly due to the distinctive structural features of mitosis, see
elow), and it is notable that homologues of MOB1, part of
he MEN in yeast, and PLK, which plays multiple mitotic roles
n many organisms, do not appear to regulate parasite mitosis
8,9].
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The physical mechanisms of mitosis in T. brucei are dis-
inctive and complex, given that the organism must segregate
round 240 chromosomes following DNA replication. Puta-
ive kinetochores (about eight per cell) have been visualised by
lectron microscopy, along with pole-to-pole and kinetochore
icrotubules, although there are clearly not enough kineto-
hores to segregate even the megabase chromosomes by a
ingle chromosome: kinetochore microtubule mechanism [42].
inichromosomes segregate with different kinetics compared
o megabase chromosomes, and it is proposed that minichro-
osomes segregate laterally along pole-to-pole microtubules
efore megabase chromosomes are segregated via a kinetochore-
ependent mechanism, possibly involving the attachment of
ore than one chromosome to each kinetochore [42]. The try-
anosomatid kinetochore is likely to be unique in terms of its
rotein constituents, as no homologues of the centromeric his-
one, CenH3, or of the centromeric checkpoint protein, BUB1,
ave been identified [3]. Structural differences in chromatin, per-
aps because of differences in histone H1 modifications, have
lso been noted in BSF and PCF T. brucei [43] and defects
n histone modification lead to problems in mitosis. For exam-
le, deletion of the histone deacetylase gene, DAC4, in BSF T.
rucei enriches the proportion of 1N2K cells within the pop-
lation, suggesting a delay in mitotic progression [44]. More
ecently, dimethylation of histone H3 at K76 has been shown
o be a marker for mitosis, and downregulation of the dimethy-
ase responsible for this modification, DOT1A, in BSF T. brucei
enerated cells with haploid DNA content, suggesting cells had
ndergone an additional round of mitosis and cytokinesis with-
ut first replicating their DNA [45], resembling (superficially,
t least) the cell division of meiosis II. Apparent orthologues of
ome components of the cohesin complex (SMC1, SMC3 and
CC1/RAD21 but not SCC3), as well as separase, which cleaves
he SCC1 subunit at anaphase to enable sister chromatid segre-
ation, are encoded by the T. brucei genome. Additionally, the
. brucei genome encodes putative orthologues of the condensin
ubunits SMC2, SMC4 and CAP-D2, which are required for the
ondensation of chromatin in other organisms. However, given
hat nuclear DNA does not condense at mitosis in T. brucei [46],
he significance of this is unclear.
. Cytokinesis
Cytokinesis can be considered to consist of four main events:
leavage site selection, a signalling event(s) to initiate cleavage,
urrow ingression and cell abscission. Cytokinesis in T. brucei
s mechanistically very different from the classical actomyosin
ing constriction seen in animal cells, and occurs after nuclear
NA segregation is complete, but can still be considered in terms
f these events.
.1. Cleavage site selectionThe site of furrow initiation in T. brucei is determined by the
nterior end(s) of the newly-synthesised flagellum and/or flagel-
um attachment zone (FAZ), as intraflagellar transport mutants,
hich produce short new flagella undergo cytokinesis with the
w
l
(
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urrow initiating too close to the posterior end of the cell [47].
owever, the molecular determinants of cleavage site selection
re currently unknown.
.2. Signalling cytokinesis
Little is currently known about what triggers entry into
ytokinesis in T. brucei. Many mutant cell lines accumulate
nlarged cells containing multiple nuclei and kinetoplasts, indi-
ating that cytokinesis is blocked, allowing re-replication of
NA to occur, but in the majority of cases, it is likely the
ytokinesis defect is an indirect effect. For example, down-
egulation of proteins required for flagellum attachment, basal
ody duplication and protein GPI anchor biogenesis inhibits
ytokinesis, but it is unlikely that any of these proteins play
irect roles in initiating cytokinesis [1,2,27]. Similarly, it has
een reported that downregulation of PLK in PCF T. brucei
revents initiation of cytokinesis [8], but more recent data indi-
ates that this most likely arises because of a prior inhibition
f basal body duplication (see above). APC components have
een shown to be required for the latter stages of mitosis [41],
nd it is possible that they may provide a link between mitosis
nd cytokinesis. TbAUK1 and TRACK (trypanosome receptor
or activated C kinase) may be involved in initiating cytokine-
is in the PCF and BSF, respectively [37,39], although TRACK
lays a more specific role in furrow ingression in procyclic cells
see below). Furthermore, RNAi of variant surface glycoprotein
VSG) in BSF trypanosomes resulted in a rapid pre-cytokinesis
lock; 2N2K cells accumulated, but no re-replication of DNA
as observed, suggesting a specific checkpoint is invoked upon
epletion of VSG transcripts or protein [48], which must nor-
ally be inactivated for entry into cytokinesis in this life cycle
tage. It has also been proposed that mitochondrial fission
nactivates a cytokinesis checkpoint, since RNAi ablation of
ynamin-like protein (DLP) in PCF cells, as well as inhibiting
itochondrial fission and endocytosis, blocked the latter stages
f cytokinesis, without leading to re-replication of DNA [49].
.3. Furrow ingression
Furrow ingression in animal cells involves the constriction
f an actomyosin ring as well as vesicle trafficking to the fur-
ow to provide additional membrane. However, there is currently
o evidence to support the involvement of an actomyosin ring
n T. brucei cytokinesis. Indeed, furrow ingression is unidirec-
ional and helical, and it is possible that the microtubule-based
ytoskeleton may necessitate specialist mechanisms to effect
ytokinesis. To date, the only identified role for actin in T.
rucei is in endocytosis in BSF trypanosomes; in PCF cells,
10–20-fold downregulation of actin protein by RNAi led to
istortions in the trans-Golgi network without affecting growth
50]. Functional studies of T. brucei myosins have not been car-
ied out to date, and the parasite also appears to lack septins,
hich localise to the cleavage site in yeast, as well as homo-
ogues of Rho GTPases (e.g. RhoA, Cdc42), their activators
e.g CYK4, IQGAP) and substrates (e.g. Rho kinase), which
lay crucial roles in regulating cytokinesis in other eukaryotes.
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esicle trafficking to the furrow has not been reported to date,
nd it is possible that T. brucei synthesises sufficient membrane
o form two daughter cells prior to cytokinesis initiation, and
ust remodels it during furrowing.
Furrow ingression in T. brucei may therefore be controlled
y novel regulators and effectors, and evidence is accumulat-
ng that BSF and PCF life cycle stages regulate this process
ifferently. In the BSF, downregulation of MOB1 results in an
ccumulation of post-mitotic cells with a visible cleavage furrow
9], indicating that this protein is required for furrow progres-
ion, and suggesting that furrow ingression in BSF T. brucei
omprises MOB1-independent and dependent phases. MOB1
nteracts with the NDR family protein kinase, PK50, which is a
unctional homologue of the Orb6 protein kinase that regulates
ell morphology and cell cycle progression in yeast [9,51]. In
he PCF, downregulation of TRACK also prevents completion
f furrow ingression, and over time, partially furrowed cells go
n to re-duplicate their organelles and re-initiate cytokinesis,
esulting in aggregates of partially divided cells [37]. In contrast
o the BSF, MOB1 appears to be required for accurate furrow-
ng, rather than for furrow ingression per se in procyclic cells
9]. Notably, none of these regulators have been localised to
he cleavage furrow, but have been reported to be cytoplasmic
9,51], although TRACK is additionally enriched at the nuclear
eriphery [37], and the localisation of PLK is controversial hav-
ng been localised to the cytoplasm in one study [56] and the
AZ in another [8]. This may suggest that these proteins regu-
ate, as yet unidentified, downstream effectors, which do localise
o the furrow.
.4. Abscission
Following furrow ingression, T. brucei cells remain joined at
heir posterior ends for some time before separating, but to date,
o proteins have been localised to this site or demonstrated to be
unctionally involved in the final step of cytokinesis. However,
agellar beat contributes to abscission in PCF T. brucei [52],
nd is essential for initiation of cytokinesis in bloodstream cells
53,54].
. Concluding remarks
Significant advances in our understanding of cell cycle con-
rol in T. brucei have been made over the past few years, helped
onsiderably by the widespread application of RNAi in pheno-
ype analysis and the publication of the genome sequence. It is
ow well established that there are significant differences in cell
ycle regulation between the parasite and its mammalian hosts,
nd hopefully, some of these differences will be exploitable in
he future in order to develop new anti-parasitic drugs. The cell
iology of the trypanosome is highly intriguing, with the dis-
overies that cell cycle regulation differs in different life cycle
tages of the parasite, mitosis and cytokinesis appear to be regu-
ated separately, many important eukaryotic cell cycle regulators
re not conserved and that the parasites have evolved unique
heckpoint strategies.
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However, there are considerable challenges ahead, made all
he more difficult by our continued inability to reliably synchro-
ise T. brucei in any given cell cycle phase. One of the key
hallenges will be to link individual regulators in pathways and
iscern their order in a pathway. There is also a need to deter-
ine which regulators control the transition from one cell cycle
hase to the next; for example, does a given mitotic regulator
ontrol entry into mitosis, events during mitosis, or exit from
itosis and entry into cytokinesis? More detailed and precise
unctional studies, as well as information about the substrates
nd activators of a given regulator will be needed to resolve
hese questions. Many cell cycle regulators undoubtedly remain
o be identified. Forward genetic RNAi library screens to identify
ovel kDNA replication proteins [35] or cell cycle control pro-
eins in general provide promise for the identification of novel
ell cycle regulators. Recently, a systematic RNAi analysis of
hromosome 1 genes identified 14 genes (∼7% genes analysed)
ith putative functions in nucleus and kinetoplast replication
nd cytokinesis [55], suggesting, by extrapolation to the whole
enome, that several hundred genes may be involved in these
rocesses. Clearly, forward genetic and proteomic approaches
ill be crucial in the future to identify additional components of
egulatory pathways, complexes and checkpoints, particularly
ivergent or trypanosome-specific regulators.
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